DNA polymerases carry out DNA synthesis during DNA replication, DNA recombination and DNA repair. During the past five years, the number of DNA polymerases in both eukarya and bacteria has increased to at least 19 and multiple biological roles have been assigned to many DNA polymerases. Archaea, the third domain of life, on the other hand, have only a subset of the eukaryotic-like DNA polymerases. The diversity among the archaeal DNA polymerases poses the intriguing question of their functional tasks. Here, we focus on the two identified DNA polymerases, the family B DNA polymerase B (PabpolB) and the family D DNA polymerase D (PabpolD) from the hyperthermophilic euryarchaeota Pyrococcus abyssi. Our data can be summarized as follows: (i) both Pabpols are DNA polymerizing enzymes exclusively; (ii) their DNA binding properties as tested in gel shift competition assays indicated that PabpolD has a preference for a primed template; (iii) PabPolD is a primerdirected DNA polymerase independently of the primer composition whereas PabpolB behaves as an exclusively DNA primer-directed DNA polymerase; (iv) PabPCNA is required for PabpolD to perform efficient DNA synthesis but not PabpolB; (v) PabpolD, but not PabpolB, contains strand displacement activity; (vii) in the presence of PabPCNA, however, both Pabpols D and B show strand displacement activity; and (viii) we show that the direct interaction between PabpolD and PabPCNA is DNAdependent. Our data imply that PabPolD might play an important role in DNA replication likely together with PabpolB, suggesting that archaea require two DNA polymerases at the replication fork. .
. Biological studies are already yielding valuable data for studying the simpler archaeal DNA replication system. Indeed, a single replication origin in the euryarchaeal Pyrococcus abyssi (P. abyssi) was identified (ori C) 3 and bi-directional DNA replication was shown to be initiated 4 . In addition, short eukaryotic-like Okazaki fragments were detected in the two main archaeal phyla, P. abyssi and Sulfolobus acidocaldarius (S.
acidocaldarius)
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. Thus, archaea replicate their circular genome, as do bacteria i.e., much more rapidly than eukarya 6 , and they do this despite containing eukaryotic-like DNA replication proteins 3 . However, the situation became controversial within the crenarchaeota phyla. One study identified two origins of replication in the archaeon Sulfolobus solfataricus, (S. solfataricus) 7, 8 , while another used a different technique to show that both S. solfataricus and S. acidocaldarius have three functional origins 7, 8 . In eukarya, on the other hand, initiation of DNA replication takes place at multiple replication origins along the genome and this may correlate to the larger size of the eukaryal genome and the coordination of differential gene expression during development 9 .
Chromosomal DNA replication in eukaryotes require the three distinct Pol α, Pol δ and Pol ε (reviewed in refs 10, 11 ). Pol α, with its associated DNA primase activity, is involved in the initiation step at the leading strand and in the repeated priming events required for replication of the lagging strand (reviewed in ref 12 ). However, Pol α/primase is only able to synthesize a short RNA-DNA primer of about 10 ribonucleotides and 20
deoxyribonucleotides, that is subsequently elongated by other pols. Pols δ and ε are believed to be the two major replicative pols in metazoans, with Pol δ/ε acting on the leading strand and Pol δ at the lagging strand 13 . Given that eukaryotic DNA replication requires the coordinated action of at least three distinct pols at the replication fork, there must be a tight regulation to fulfill the efficient duplication of the genetic material. This mechanism involves Chromosomal DNA replication in bacteria appears to be simpler than in eukarya. In E.
coli, DNA elongation involves the replicase, Pol III. Pol III is a complex molecular assemblies called holoenzyme 16 composed of (i) the core enzyme (α, ε and θ) containing the polymerase and proofreading activities; (ii) a τ-subunit that causes the core enzyme to dimerize; (iii) a β processivity clamp that tethers the core enzymes to the chromosome and (iv) the five subunit clamp loader (γ, δ, δ', ψ and χ) called γ-complex that allows to open and lock the ring clamp on the DNA 16 . Thus, in E. coli, there is one complex with two pols that replicates the leading as well as the lagging strand. Moreover, the two core enzymes are not pre-dedicated to one strand and can be interchanged 17 . PabpolD. In order to detect significant RNA primer elongation, the length of single-strand template was shortened and the reaction products were visualised on a denaturing polyacrylamide gel. Replication was allowed to proceed with or without PabPCNA for both Pabpols as indicated ( Figure 4D ). Interestingly, PabpolD could elongate the RNA primer to the full-length even without PabPCNA. Moreover, the inability of PabpolB for RNA primer extension was confirmed and that could not be overcome by the addition of PabPCNA. These data demonstrate that the family D pol is an DNA and an RNA primer-directed pol whereas the family B pol can only use DNA primers.
PabpolD, but not PabpolB, can perform strand displacement DNA synthesis.
Since eukaryotic pols β and δ can perform strand displacement synthesis 30, 31 , we next tested Pabpols. Gap sizes of 1, 10, 25, 50 and 100 nucleotides were prepared as outlined in Table 1 and Figure 6A . PabpolD was able to fill gaps of all sizes tested and was able to displace PabpolB ( Figure 8B , curve 1) was seen. This result was similarly found in a negative pulldown assay (data not shown). However, when an DNA primed-template was immobilised onto the sensor chip, both Pabpols were able to bind the immobilised primed-template ( Figure   8A and B, curves 2). When PabPCNA and Pabpols were added sequentially over the primedtemplate sensor chip, a stronger level of binding could be observed ( Figure 8A and B, curves . By analogy with the eukaryotic mechanisms, PabpolD would appear to be a candidate to carry out the completion of Okazaki fragments and to create PCNA-dependent displacement of the encountering RNA-DNA primer. Our data together with those published so far let us to propose a model for archaeal replication: A primase is recruited to the replication origin to initiate synthesis of a short RNA primer 35, 36 . This is followed by the incorporation of a short stretch of DNA by Pol D at both the lagging and leading strands. Subsequently, the RNA-DNA primer is further elongated by the replicases, in which we propose that one enzyme is active on the leading strand and the other on the lagging . Recombinant PabPCNA was produced in E. coli and purified to homogeneity as described 37 . 1 unit of Pabpols activity corresponds to the incorporation of 1 nmol of total dTMP into acid precipitable material per min at 50°C in a standard assay containing 0.5 µg (as nucleotides) of poly(dA)/oligo(dT) 10 :1 . Whatman was the supplier of the GF/C filters. All other reagents were of analytical grade and purchased from Sigma-Aldrich and Fluka.
Materials and Methods
Chemicals and Enzymes
Nucleic acid substrates
Oligonucleotides used to prepare the substrates for primer extension and gap filling assays were synthesised and purified by Eurogentec (Belgium). When appropriate, labeling at the 5'-end was performed using [γ- Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA. The mixture was heated to 75°C and slowly cooled down to room temperature. The DNA templates for the short single-strand RNA primer extension and the mobility shift competition assays were prepared according to the same protocol with the complementary oligonucleotides mixed in mol:mol ratio. The sequences of the different oligonucleotides used in this work are listed in Table 1 .
DNA polymerase assays
Pol activities on poly(dA)/oligo(dT) 40:1 , poly(dA)/oligo(dT) 10 denaturing polyacrylamide gels and visualised by autoradiography.
Gap filling assays
The standard reaction mixture (15 µl) and the respective buffer, DTT, BSA, and 
Electrophoresis mobility shift assay (EMSA)
Binding reactions were carried out in a total volume of 20 µl containing: 50 mM TrisHCl (pH 8.0), 20 mM NaCl, 5 mM EDTA, 50 µg/ml BSA, 4% Ficoll, 0.5 pmol of labeled oligonucleotide probe, and the indicated amount of Pabpols. Following a 20-min incubation at 25°C, the reactions were loaded onto a 5% polyacrylamide gel containing 0.5x TBE and run first at 50 V for 45 minutes and then at 100 V for 90 minutes. The gels were exposed to a screen and the bands were visualised by phosphoimager (Biorad). When more than one oligonucleotide was part of a competitor oligonucleotide complex (e.g. A1/B2 in the doublestrand structure), the number of pmol in the figure corresponds only to the oligonucleotide B2, and in order to constitute the complete competitor structure the other oligonucleotides listed in Table 1 was added at an equimolar ratio to B2.
Surface Plasmon Resonance (SPR) experiments
SPR analysis were performed in a BIAcore X apparatus (BIAcore, Uppsala Sweden) using either a DNA or a PCNA sensor chip. When a DNA chip was used, a biotinylated template B2 hybridised to the primer A2 (Table 1) Each reaction contained 15 pmol of purified PabpolB and the indicated amounts of the following nucleic acid competitors (see Table 1 
DNA downstream 30
5'-ATTCGTAATCATGGTCATAGCTGTTTCCTG-3'
RNA downstream 30
5'-AUUCGUAAUCAUGGUCAUAGCUGUUUCCUG-3'
RNA-DNA hybrid 30
5'-auucguaaucauGGTCATAGCTGTTTCCTG-3'
RNA upstream 32
5'-UGCCAAGCUUGCAUGCCUGCAGGUCGACUCUA-3'
DNA upstream and 25-nt gap 32 
A1 (DNA) 75
5'-
